A new rule is proposed for detecting homology between DNA sequences coding for proteins. Simple coding considerations predict that if two DNA sequences are homologous because of a common ancestry, they should share sequence similarities primarily in the same translation phase, with their codons aligned. Similarities which are in phase are shown to be more frequent between related sequences than between unrelated or random ones. But similar segments which are out of translation phase are no more frequent between related than unrelated sequences. Duplication and concatenation of genetic elements, followed by gene duplication and random mutations would lead to the patterns observed. Similarities are examined between various immunologically important sequences, including immunoglobulins, MHC products, and the T lymphocyte antigen Thy 1.
INTRODUCTION
Procedures for predicting homologies between DNA sequences take little account of the biological mechanisms which might have generated them. Homology resulting from a common ancestry is reflected in similarity of modern sequences. Methods of detecting similarity are based on the generation of comparison matrixes, as originally performed on protein sequences (1) . When applied to DNA comparisons (2) , the evaluation of matrix points is somewhat simpler than for proteins. Nevertheless, the next step, deriving a 'critical path' through the matrix which finds either the maximum similarity or the minimum difference, depends on certain arbitrary rules (3) . For example, there is no objective way to derive the penalties to be assessed for Introducing gaps in the critical path (1) . Furthermore, although nucleotide sequences are probably a more definitive basis for comparison than amino acid sequences, the 'correct' alignment for such obviously homologous genes as the chicken a and 0 hemoglobins is not uniquely predicted by nucleotide similarities alone (3) .
There is an obvious consequence of gene duplication followed by random mutation which bears on the problem of predicting DNA similarities. Namely, the duplicated coding regions should be translated in the same reading frame, or phase, in the two resulting genes. Coding regions can generally be translated into long protein sequences only in the correct reading frame. If the reading frame is shifted by 1 or 2, termination is encountered, on the average, within 22 codons. Thus, when a region is duplicated, the copy should be translated in the same reading frame as the original version. If insertions or deletions result in a frameshift, two changes would occur.
First, the entire downstream coding sequence would be altered. More importantly, a termination codon would soon occur. This would be disadvantageous, and selected against.
A prediction can thus be made that DNA coding sequences which are homologous because of a common ancestry should have a higher degree of similarity in translation phase than out of it. This prediction can be tested, and, if correct, used to enhance the significance of sequence comparisons. It would confine analyses of comparison matrixes to diagonals which represent translation alignments of the sequences (1/3 of the total). To test the prediction, a method of comparison has been developed, in which short segments which are similar in two coding sequences are first identified. These are defined as segments 15 nucleotides long in which at least 11 positions are identical, plus longer segments of equal or greater similarity. It was indeed found that in coding sequences expected to be similar (e.g. certain itnmunoglobulin domains), far more than 1/3 of the similar segments are translated in phase. On the other hand, their content of similar segments which are not in the same reading frame is not significantly greater than that of unrelated sequences. It is thus possible to detect homologies by statistical criteria without introducing further rules.
METHODS
The model.
The similarity between two coding sequences of DNA is based on the number of identical nucleotides in short, similar segments which are translated in the same reading frame. The criterion for similarity is that 11 nucleotides must match out of any string of 15 bases in any alignment. The number of identical nucleotides in such segments Is expressed as a frequency (nucleotides per million points in the comparison matrix). I call the relevant parameter FITS, for 'Frequency of In-phase Translated Similarities'.
The criterion of 11 out of 15 includes longer similar segments of equal or greater stringency. The critical feature of the model is that in related sequences the similar segments will be translated in the same reading frame.
A computer program to measure FITS.
The analysis begins with the construction of a comparison matrix between two coding sequences. Strings which are similar, using the criterion of 11 identical nucleotides in any string 15 long, are then identified.
Because each value is taken over a flanking region of 7 positions, it is necessary to leave a margin of 7 around the outside of the matrix, within which no match numbers can be calculated. Each interior matrix element is Sequences analyzed are listed in Table I . 
RESULTS
Measuring significance.
The frequency of similarities which are due to chance (the background) was obtained by comparing unrelated sequences. One set of data was obtained with a random sequence generator program. Another compared coding sequences in which one sequence had been flipped end-for-end. Finally, sequences which were thought to be unrelated for biological reasons (e.g. Thy 1 of rat, and plasmid pBR322) were compared. There was no significant difference in The FITS parameter is the frequency of identical nucleotides found in similar segments (11/15 matching) Related sequences have more similarities in translation phase than out of it.
The data in Table II 
The probable homology between the sequences is indicated by the number of standard deviations above the background value of FITS. The FITS parameter is given in the same units as in Table  II . The same parameter for comparisons which are frameshifted by 1 or 2 positions are shown in the last two columns, which are averaged at the bottom. two coding sequence. Table III show a moderate degree of similarity by FITS. Two significant features emerge. First, the in-phase similarities in this series are more frequent than they are for unrelated sequencesaveraging 609 for the group. Equally important, the average number of identities in similar segments which are out of translation phase by +1 or +2, 218, is the background value. Thus, FITS is significantly higher than the background value, but the number of similarities which are not translated in the same phase is the same as for unrelated sequences. This is demonstrated more dramatically in Table IV, 
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The data are given in the same form as for Table III. sequences from unrelated ones is the number of nucleotides which are found The frequency of in-phase self-similarities, indicative of internal repeats of short segments, differs widely, even within an immunoglobulin.
Thus, the first two constant region domains of Cyl show a high degree of internal homology but the third does not. In Cy2b, only the first domain shows internal hoioology.
Sequences homologous with Thy 1 and a Type I MHC product.
It has been suggested that Thy 1 may be related to the primordial sequence which has evolved into various immunoglobulin domains (24) . The FITS analysis suggests a homology between rat Thy 1 and a number of immunoglobulin domains, and both Type I and Type II MHC products (Table VI) . The list includes both heavy and light chain V genes, Ctc, and a number of domains 
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The relationship between the lmmunoglobulin heavy chain domains is given in terms of standard deviations above the background for the FITS parameter. A value of '0' indicates that the relatedness is less than 2 standard deviations above the background (value for unrelated sequences). Two elements on the central diagonal have not been evaluated ("-"), because they are very short. A non-zero value along the central diagonal indicates that the domain shows evidence of self-homology (internally repeated segments) . The probability of homology is given in the same terms as in Table V, 
HOMOLOGV OF GENE I WITH GENE 2
Figure 3. A model to account for patterns seen in FITS diagrams. A genetic element is duplicated and forms a tandem structure which is the primordial Gene 1. Two segments have been identified in the original genetic element (A and B). The primordial gene is duplicated, creating a second gene, after which genes 1 and 2 mutate independently. Gene 2 undergoes a change in which the second copy of segment 'A' mutates. In comparing the genes to themselves or each other, the pattern of lines generated in FITS analysis (see Figure 3) consists of a symmetrical array of parallel and crossing lines.
the protein level is the third extracellular domain of type I MHC products. An example is H-2L(d) (25) , which is also examined in Table VI . The third domain is more similar to the immunologlcal sequences analyzed in this work, than are either of the first two. It also shows a significant similarity with 6« microglobulin. Further, the third domain shares with Thy 1 the feature of apparently being self homologous, again suggesting internally repeated segments. Indeed, each of the three extracellular domains of H-2L(d) has this feature, and they also as a group appear to be homologous with each other.
DISCUSSION
The model predicts that homologous coding sequences should have relatively high levels of similar segments in which the translation phase is maintained. Figure 2 (Tables II to IV) , and can be Ignored, reducing the cost of doing comparisons by 2/3.
The Needleman-Wunsch approach (1, 2, 3, 27) requires that penalties be assigned for gaps. This makes the methods complex and somewhat arbitrary, since the background must be evaluated for each set of conditions. Moreover, the choice of parameters influences the prediction of optimal alignments (3).
In the FITS method, no further rules are required, once the criterion of fit has been chosen.
The analysis of immunoglobulin heavy chain sequences here (Table V) differs significantly from that of Kawakami et al. (10) , who found the various Cy domains to be roughly equally related to each other. In that work, a modified form of the Needleman-Wunsch method was used, but it was not described In detail. The authors also did not note significant differences between the homologies found in comparing Cyl and Cy2b domains with Cy, which also contrasts markedly with the results in Table V . On the other hand, the high level of similarity between the third domain of H-2L(d) and various other Immunologically important sequences seen in Table VI is consistent with the observations of others (25) . Also, the apparent homology
